We present the results of experimental and theoretical studies of high-order harmonic generation (HHG) in plasmas containing fullerenes using pulses of different duration and wavelength. We find that the harmonic cutoff is extended in the case of few-cycle pulses (3.5 fs, 29th harmonic) compared to longer laser pulses (40 fs, 25th harmonic) at the same intensity. Our studies also include HHG in fullerenes using 1300 and 780 nm multicycle (35 and 40 fs) pulses. For 1300 nm pulses, an extension of the harmonic cutoff to the 41st order was obtained, with a decrease in conversion efficiency that is consistent with theoretical predictions based on wave packet spreading for single atoms. Theoretical calculations of fullerene harmonic spectra using the single active electron approximation were carried out for both few-cycle and multicycle pulses.
INTRODUCTION
Finding new approaches to improve the efficiency of highorder harmonic generation (HHG) of laser radiation toward the extreme ultraviolet (XUV) range is an important goal of nonlinear optics and laser physics. Small sized nanostructures are an attractive approach, since they exhibit local-fieldinduced enhancement of the nonlinear optical response of the medium [1] [2] [3] . Another mechanism that can enhance harmonic efficiency of clusters is the increase of the recombination cross section of accelerated electron and parent particle in the final step of the three-step mechanism of HHG [4] . It was shown in [5] that laser-irradiated cluster-contained plasmas can emit low-order harmonics efficiently. The advantages of highly efficient harmonic generation in laser-produced plasmas containing nanoparticles have been analyzed in [3] .
Fullerenes are an attractive nonlinear medium for the HHG. Their relatively large sizes and broadband surface plasmon resonance (SPR) in the XUV range allowed the first demonstration of enhanced HHG near the SPR of C 60 (λ SPR ≈ 60 nm, with 10 nm FWHM) [6] . Theoretical studies of HHG from C 60 using multicycle pulses include an extension of the three-step model [7] , analysis of the electron bound within a thin shell of a rigid spherical surface, with geometrical parameters similar to those of the C 60 [8] , and application of dynamical simulations [9] . Those studies reveal how HHG can be used to probe the electronic and molecular structure of C 60 . Theoretical investigation of such systems is hampered by the fact that the Hamiltonian of HHG is time dependent and the systems consist of many electrons. The investigation of the influence of the electrons on the resonant HHG can be performed by means of a multiconfigurational time-dependent Hartree-Fock (MCTDHF) approach, which has the accuracy of direct numerical solution of the Schrödinger equation and is not significantly more complicated than the ordinary time-dependent Hartree-Fock approach [10] . In particular, the computations could be based on the multiconfigurational time-dependent Hartree software packages [11] . In [10] , simulations of resonant HHG were performed by means of a MCTDHF approach for three-dimensional fullerene-like systems. The influence of the SPR of C 60 on the harmonic efficiency in the range of 60 nm (E 20 eV) was analyzed and showed the role of resonant effects in the HHG enhancement.
The ionization saturation intensities of different charge states of C 60 are higher compared to isolated atoms of similar ionization potential [12] . With this perspective, it is interesting to analyze HHG from fullerene molecules in the field of few-cycle laser pulses and compare these studies with those carried out using multicycle pulses. The motivation for the present work was to analyze the conditions for efficient HHG from plasmas containing C 60 , using picosecond laser pulses to ablate the fullerene-containing target at high pulse repetition rate (1 kHz) and then few-cycle laser pulses (τ 3.5 fs) to generate the harmonics in the fullerene plasma. We also investigated HHG in fullerenes using 1300 nm radiation and compared these studies with those using 780 nm multicycle pulses. We employed a new technique that led to a considerable improvement in the stability of the harmonics from the plasma produced on the fullerene-containing targets, which is crucial in high pulse repetition rate experiments. We also carried out a theoretical study of fullerene plasma HHG.
RESULTS AND DISCUSSION
A small part (E 120 μJ) of the uncompressed radiation of a 1 kHz chirped pulse amplification Ti:sapphire laser (Femtolasers Produktions GmbH) with central wavelengthprior to the laser compressor stage and was focused into the vacuum chamber to create a plasma on the C 60 -containing target using an intensity on the target surface of typically I ps 2 × 10 10 W cm −2 (Fig. 1 ). The Ti:sapphire laser after compression provided pulses of 30 fs duration and energies of up to 0.8 mJ. The amplified pulses were focused into a 1 m long differentially pumped hollow core fiber filled with neon. The spectrally broadened pulses at the output of the fiber were compressed by 10 bounces of double-angle technology chirped mirrors. A pair of fused silica wedges was used to fine tune the pulse compression. In this way, high-intensity 3.5 fs pulses were generated.
These few-cycle pulses were focused into the plasma plume, approximately 150-200 μm above the target surface, to generate high-order harmonics using a 400 mm focal length reflective mirror. The delay between plasma initiation and the arrival at the plume of the few-cycle pulse was fixed at 34 ns, which optimized harmonic emission. The plasma plume and target were moved over a range of positions with respect to the focal point of the few-cycle pulse, to optimize the conversion efficiency of harmonic generation. The laser intensity in the plume was I fs 5 × 10 14 W cm −2 . The HHG radiation was analyzed by an XUV spectrometer consisting of a flat-field grating (1200 lines ∕mm, Hitachi) and an imaging microchannel plate detector (Photonis USA, Inc.) read out by a CCD camera. We investigated two types of targets: (i) C 60 powder, which was glued onto a glass substrate or onto a rotating aluminium rod and (ii) bulk graphite for plasma harmonic generation. The maximum harmonic conversion efficiency was obtained by varying the distance between the femtosecond beam and the target, as well as the z-position of the plasma. The harmonic spectra from plasmas produced on the bulk graphite and fullerene powder glued onto the glass surface are presented in Fig. 2(a) in the case of laser wavelength λ 780 nm. Harmonics up to the 29th order were obtained from the fullerene plasma. Note that the harmonic efficiency in the case of the graphite plasma was about 5 times higher compared with the case of fullerene plasmas, most likely due to the higher concentration of emitters in the former case, as has also been reported in [13] .
Here we also present the results of comparative studies of the HHG in fullerene plasma using few-cycle (3.5 fs) and multicycle (40 fs) pulses [ Fig. 2(b) ] of 780 nm radiation. In the latter case, we used a 1 kHz repetition rate Ti:sapphire laser (Red Dragon, KML Inc.) generating 4 mJ, 40 fs pulses, which were used for the HHG in various laser plasmas. The HHG conversion efficiency for the 40 fs pulses at the beginning of plateau range in the case of the plasma plume containing fullerenes was estimated to be ∼5 × 10 −6 using a comparison with the HHG conversion efficiency in a silver plasma, which has previously been reported at similar experimental conditions to be 1 × 10 −5 [3] . One can note that the cutoff in the case of longer pulses (25th harmonic) was shorter with regard to the few-cycle pulses at similar intensities of these pulses in the plasma plume.
The problem with using a fullerene powder-containing target is the shot-to-shot instability and rapid decrease of the harmonic yield, due to the abrupt change in the target morphology following ablation. Such instabilities limit applications of this radiation source and greatly hamper efforts to measure the pulse duration of the harmonic emission, which typically requires a large number of laser shots. A solution to this problem might be the use of long homogeneous tapes containing fullerenes, which continuously move from shot to shot to provide a fresh surface for each next laser pulse. The use of rotating targets containing C 60 is another method for improvement of the harmonic stability [14] from this medium, which was implemented in this work. We used 15 mm diameter aluminium rods as the substrates onto which the fullerene powder was glued. These rotating targets considerably improved the stability of harmonics from C 60 -containing plasmas compared with fixed targets fabricated by gluing fullerene powder to a glass substrate. We found that once the target rotation is stopped, the harmonic efficiency from the fullerene plasma decreased to the noise level within 1-2 s.
This target fabrication method could be very useful in the case of powder-like targets (fullerenes, metal nanoparticles, organic powder-like samples). Previously, even at 10 Hz pulse repetition rate, the ablation of powdered targets that were not moved led to their rapid degradation and abrupt decrease of harmonic yield [3] . With this new technique, one can glue the powdered material onto the rotating rod to improve the stability of the harmonic emission. At the same time, one can note that the stability of harmonics from such powder-like targets is still worse than from rotating bulk metal rods due to the faster degradation of the target surface in the former case.
We did not estimate the density of fullerenes on the rotating target. In principle, it should be the same as the density of powder, since we just glued the fullerene powder without additional pressing. The thickness of powder layer was 2 mm. The uniformity was maintained with the accuracy better that 0.1 mm.
Due to small concentration of fullerenes in the plasma plume, the amount of ablated material was insignificant even at 1 kHz pulse repetition rate. So the main difference between the rotating and nonrotating targets was the thermal conditions of heating spot. In the case of fixed target, the melting bath appeared after 1000 shots (e.g., 1 s of ablation), which considerably worsened the process of plasma formation. Once the target started to move, the previously heated area cooled down and again could be used for efficient ablation and harmonic generation. We observed this phenomenon from many targets. So here we were able to improve the stability of harmonics (and correspondingly stability of plasma formation conditions) not just by using the fresh (nonablated) surface but by changing the conditions of overheating of the same spot of the target. Based on our experiments with different (rotating and fixed) targets we concluded that the overheating of the same spot worsens the conditions for stable plasma formation. The morphology of the heating spot did not remain intact during these experiments. At the same time the creation of craters in the case of rotating target occurred after considerably longer period compared with static targets.
Conversion efficiency studies in these two plasmas showed advantages of HHG in the case of graphite plasmas compared with fullerene plasmas [13] . This can be explained by the higher particle density in the graphite plasma. The concentration of fullerenes is below 10 17 cm −3 [6] , while our density estimates for carbon plasmas based on a three-dimensional molecular dynamical simulation of laser ablation of graphite using the molecular dynamics code ITAP IMD [15] showed that for heating by 8 ps laser pulses the graphite plasma density can reach 2.6 × 10 17 cm −3 at the moderate ablation intensity of 2 × 10 10 W cm −2 . Another reason for the observed superior features of graphite plasma harmonics could be the production of clusters during laser ablation, though their involvement in HHG requires additional studies, including time-of-flight measurements.
In order to analyze the harmonic yield from the fullerene plasma using the mid-infrared (MIR) laser source, we used an optical parametric oscillator (OPO) pumped by the 40 fs Ti:sapphire laser. A beam splitter inserted before the laser compressor of this Ti:sapphire laser was used to pick off 10% of the beam (780 nm, 1 mJ, 160 ps, 1 kHz pulses) to generate a fullerene-containing plasma plume, with the remaining 90% being compressed to 40 fs (7 mJ) to pump a commercial computer-controlled OPO (HE-TOPAS, Light Conversion). The OPO was optimized for high conversion efficiency, beam quality and short duration of the converted pulses. The OPO provided signal pulses with duration of 35 fs in the 1200-1600 nm spectral range with a maximum energy of 1.7 mJ at ∼1300 nm. The idler pulses covered the 1600-2200 nm range with a maximum energy of 1 mJ at ∼2000 nm. The delay between the heating ablation pulse and MIR pulse from the OPO was set to 35 ns, as this delay was found to be optimal for the efficient generation of extended harmonics from fullerene plasma. Figure 3 shows the comparison of fullerene harmonic spectra generated in the case of 1300 and 780 nm multicycle probe pulses. Harmonics up to the 41st order (Fig. 3, bottom panel) were observed in the case of 1300 nm probe pulses at the conditions of optimal plasma formation using the heating 160 ps pulses. The application of less intense, longer wavelength (1400 nm) pulses available by tuning the OPO did not result in an extension of harmonic cutoff compared with the case of probe 1300 nm pulses. This observation suggests that the harmonic generation occurred under saturated conditions, with the expectation of stronger harmonics once the microprocesses and macroprocesses governing frequency conversion are optimized. Overexcitation of target by 160 ps pulses (Fig. 3 25-45 eV range of photon energies (λ 27-50 nm). At these conditions, no harmonics were observed during propagation of femtosecond pulses through such overexcited plasma.
The harmonic spectrum up to the 25th order in the case of 780 nm, 40 fs probe pulses is presented in Fig. 3 (upper panel) . One can clearly see the extension of harmonic cutoff (from the point of view of highest harmonic order) in the case of longer-wavelength probe pulses by comparing the HHG spectra using the 780 and 1300 nm probe pulses, while the extension of cutoff energy was insignificant.
We maintained approximately equal energies of driving pulses in these cases (0.53 mJ for 780 nm pulses and 0.5 mJ for 1300 nm pulses). The intensity of 780 nm radiation in the plasma area was calculated to be I fs 4 × 10 14 W cm −2 . The pulse durations of these sources (780 and 1300 nm) were approximately the same (40 and 35 fs, respectively). Probably due to phase modulation and propagation through multiple optical elements in optical parametric oscillator-amplifier, the diameter of a 1300 nm beam in the plasma plume was bigger than in the case of a 780 nm beam. The corresponding lower intensity of 1300 nm radiation could be responsible for less expected extension of harmonic cutoff energy. From the cutoff formula, we could expect the generation of harmonics up to the 47th order (in the case of 780 nm radiation), well above the observed cutoff (25th harmonic), which probably points out the difference in expected and actual intensity in the plasma area at the optimal conditions of HHG. The reason for this discrepancy could be related to the self-defocusing of driving pulses in the medium containing free electrons. Below we also discuss the cutoff law and its limit of validity at our experimental conditions.
In atoms the maximum emitted photon energy (giving the cutoff position) is described by the well-known relation E M I 3.17U p with I the ionization energy and U p the ponderomotive energy. By invoking the three-step model [4] this formula can be derived (by use of mere energy conservation and Newton laws) under the assumptions that the laser field amplitude is constant. Rapidly varying laser pulses can considerably shift the cutoff [16, 17] . We also know that molecules support more returning trajectories than atoms and allow the existence of several plateau [18] ; it is not therefore easy to disentangle the effects of pulse shape and presence of a molecule and to state a general law for the position of the cutoff; the E M I 3.17U p law can therefore be used only as a touchstone.
We observed that the plasma harmonic yields from the 780 and MIR probe pulses are consistent with the predicted singleatom harmonic intensity wavelength scaling I h ∝ λ −5 , which arises due to electron wave packet spreading before recollision [19, 20] . The harmonic efficiency of the XUV radiation in the range of 30-50 nm driven by MIR pulses was 7-15 times less compared with the case of 780 nm probe pulses, which is comparable with the expected ratio between harmonic intensities from these sources (1300 ∕780 5 ≈ 12.7) followed from above rule, assuming approximately equal energies of the 780 and 1300 nm pulses (0.53 and 0.5 mJ, respectively).
The fact that HHG in the fullerene system exhibits a wavelength scaling that is consistent with single-atom predictions encouraged us to employ a theoretical model [21] in which the interaction of short pulses with C 60 was treated in the single active electron approximation with one electron constrained over a structureless spherical surface of radius R 3.55 × 10 −8 cm 6.71a 0 . This simplified model can be treated in an analytical fashion. It permits a physical understanding of the dynamics of the active electron, and allows an easy check of resonances between bare molecular state. Indeed a generalization of the model can be used to analyze the physical properties, the energy content, and stability of hollow spherical clusters [22] . The calculated harmonic spectra from C 60 are presented in Fig. 4 in the case of 780 nm (photon energy E ph 1.6 eV) and 1300 nm (photon energy E ph 0.96 eV) pulses propagating through the fullerene medium. The calculations were carried out for 2-cycle pulses (t 5.2 fs) and 12-cycle pulses (t 31 fs) of 780 nm radiation and 8-cycle pulses (t 34 fs) of 1300 nm radiation and intensity 6 × 10 14 W cm −2 , which were close to the conditions of fullerene HHG experiments.
The spectra are formed of well-resolved harmonics but with broadened lines (in the case of short pulses) and hyper Raman lines (in the case of long pulses). Hyper Raman, lines with frequency other than harmonics, are due to transitions between laser dressed molecular states [23, 24] . The presence of these lines has been predicted since the very beginning of the theoretical treatment of HHG [25] and found in different contexts, such as two-level approximation, quantum dots calculations, hydrogen atom, and so on [26] [27] [28] [29] , but never observed in actual experiments. Several explanations have been proposed to explain this failure; for example, it has been argued that they add destructively in the forward direction or that they show a transient nature and are thus overwhelmed by the presented odd harmonics [30, 31] .
Our calculations showed well-defined harmonics (up to H c 31) in the case of 1300 nm multicycle pulses. The theoretical model exploited the spherical symmetry of the C 60 by introducing a number of approximations, the most important of which is that the molecule cannot be ionized. This approximation deserves some comment. In spite of the ionization suppression of the C 60 molecule, some ionization is bound to occur so that the theory becomes unreliable when ionization becomes significant. The harmonic cutoff in the case of 1300 nm radiation was extended compared with 780 nm radiation (H c 17), analogously as in the case of experiment.
Previous HHG studies in fullerenes were performed using the multicycle pulses (30, 48 , and 110 fs [3] ). The stability of C 60 against fragmentation in multicycle laser fields leads to fast diffusion of the excitation energy. Even better conditions can occur in the case of few-cycle pulses used for fullerene HHG. In that case fullerenes can withstand the influence of the strong field of few-cycle pulses due to the increase of the ionization saturation intensity as the pulse duration is decreased. This can further increase the diffusion of the excitation energy within the fullerenes due to their very large number of internal degrees of freedom. The increase of energy diffusion is expected to lead to a decrease in the disintegration of fullerenes, which enhances the probability of harmonic emission from these molecules.
The graphite plasmas, which were compared in our experiments with C 60 , can easily be aggregated during laser ablation, thus leading to nanoparticles in the laser plume. In that case the comparison of two clustered species (large 5-20 nm carbon clusters and 0.7 nm C 60 ) can lead to their different nonlinear optical response once the interacting laser pulse becomes compressed from the multicycle to few-cycle duration. Our results show that for the shortest laser pulses, the HHG cutoff for fullerene is extended, while the harmonic intensity is reduced compared with "carbon harmonics." The intensity of the probe femtosecond pulse is an important parameter for optimizing the HHG from C 60 . Increasing the intensity of the probe pulse did not lead to an extension of the harmonic cutoff from the fullerene plume, which is a signature of HHG saturation in the medium. Moreover, at relatively high probe intensities, we observed a decrease in the harmonic output, which can be attributed to the phase mismatch caused by propagation effects.
The stability of C 60 molecules against ionization and fragmentation is of particular importance, especially for their application as a medium for HHG using laser pulses of different duration. The fullerene molecules ablated off the surface should be intact when the probe pulse arrives. Hence, the heating pulse intensity also becomes a sensitive parameter. At lower intensities the concentration of the clusters in the plume would be low, while at higher intensities one can expect fragmentation. This phenomenon is observed when the heating pulse intensity on the surface of fullerene-rich targets is increased above the critical value (Fig. 3, middle panel) . The abrupt reduction in harmonic intensity in that case can be attributed to phenomena such as fragmentation of fullerenes, an increase in free electron density, and self-defocusing of the probe laser, all of which are expected to reduce the efficiency of HHG.
CONCLUSIONS
We presented the results of the experimental and theoretical studies of HHG in the plasmas containing fullerenes (up to the 29th and 41st orders for the 780 and 1300 nm probe radiation) under different plasma conditions and laser parameters in the case of few-cycle and multicycle pulses. The comparison of harmonics from C 60 -rich plasmas and plasmas produced on graphite surface showed stronger harmonic yield in the latter case, which was attributed to higher density of the plasma plume and the formation of clusters during the ablation of graphite targets. Our experiments with fullerene powder glued onto aluminium rotating rods demonstrated a dramatic improvement in harmonic generation stability compared with static fullerene-containing targets. Our comparative studies using 3.5 and 40 fs pulses showed that, for few-cycle pulses, the harmonic cutoff is extended compared with multicycle pulses, which can be attributed to reduced fragmentation of C 60 for the shorter pulse. The comparison of fullerene harmonic spectra generated in the case of 1300 and 780 nm multicycle probe pulses showed the extension of generating harmonic orders in the former case. The plasma harmonic yield approximately follows the I h ∝ λ −5 wavelength scaling rule predicted for single atoms. The maximal conversion efficiency obtained in these fullerene HHG studies was estimated to be 5 × 10 −6 . Theoretical calculations of fullerene harmonic spectra were carried out in the single active electron approximation, which showed harmonics up to H c 31 in the case of 1300 nm multicycle pulses and up to H c 17 in the case of 780 nm multicycle pulses.
